It is well known that the culture conditions of microorganisms may affect their surface properties, zeta potential and hydrophobicity via the modification of the cell wall functional groups or metabolic products. The R. opacus bacteria strain was separately adapted to the presence of apatite and quartz, after which a cellular adaptation procedure was developed by repeated sub-culturing with a successive increase in the mineral content. Zeta potential, surface tension, FTIR and microflotation studies were used to evaluate the behavior of the cells that were developed under defined culture conditions. The cellular adaptation induced a modification of the bacterial surface charge. The FTIR results showed a modification of its functional groups. The surface tension results suggested that longer growing time promoted a higher production of metabolites. The use of mineral-adapted cells promoted an improvement in the flotability of both minerals, but it was more significant for apatite flotation. Additionally, the mineral flotability remained unchanged when the cells developed under a longer culture time. Nevertheless, there was a reduction in the surface tension.
Introduction
Studies on the application of biotechnology in mineral processing have intensified in recent years. One of the principal motivations is to reduce the environmental impacts caused by the use of conventional flotation reagents (Rao and Subramanian, 2007) . The bioflotation technique is in the fundamental stage, and considerable research is still necessary before its industrial application. A fundamental bioflotation study should determine the response of each mineral that is present in an ore. Thus, considering that phosphate ores are associated with several gangue minerals, especially quartz, carbonates and silicates, then a detailed bioflotation study of each component is necessary to establish the bioflotation of phosphate ores. One bacteria, quite recently used in mineral bioflotation, is Rhodococcus opacus (Botero et al., 2007; Mesquita et al., 2003; Botero et al., 2008; Merma et al., 2013) . It is a Gram positive bacterium with different types of components on their cell-wall, which are primarily polysaccharides, carboxylic acids, lipid groups and mycolic acids, that result in amphoteric behavior (hydrophobic and/or hydrophilic properties) of the bacteria (Mesquita et al., 2003; Natarajan, 2006; Vilinska and Rao., 2008) . According to Natarajan (2006) , the presence of these components produces a selective behavior in the bacteria. Moreover, their production can be modified, rendering some bacteria more hydrophobic or even more selective. This modification can be performed through "cellular adaptation" or via genetic modifications. Thus, cellular adaptation in mineral bioprocessing has been the focus of some studies (Sharma et al., 2001; Subramanian et al., 2003; Sarvamangala and Natarajan, 2011; Sarvamangala et al., 2012; Vasanthakumar et al., 2013; Sarvamangala et al., 2013) . However, to our knowledge, there is no study on the cellular adaptation of R. opacus bacteria to a mineral substrate.
In mineral bioprocessing, the "cellular adaptation" of a microorganism refers to the growing of its cells in the presence of a mineral substrate. Some authors (Subramanian et al., 2003; Vasanthakumar et al., 2013; Sarvamangala et al., 2013) have suggested that cellular adaptation can produce changes in bacterial morphology, in addition to quantitative and qualitative modifications during the secretion of biopolymers, which primarily constitute proteins and polysaccharides, during their growth. Therefore, the objective of this work is to study the effect of the different culture conditions of the Rhodococcus opacus in the presence of a mineral substrate on the bioflotation of apatite and quartz by analyzing their electrophoretic mobility, surface tension, FTIR signatures and flotation behaviors.
Material and methods

Sample preparation
This study used a pure quartz sample and a fluorapatite sample (42.33% P 2 O 5 and 54.39% CaO) that were provided by a local supplier (Belo Horizonte, Minas Gerais State) to be used in this study. The samples were crushed and screened to -3 mm.
Then, the samples were dry-ground in a porcelain mortar and wet-screened. Afterwards, the desired size fractions (+20-38; +75-106) in µm were separated. Then, the quartz sample rested in a KOH (0.1 M) solution for 24 hours to remove the impurities present on the surface. The samples were washed several times with double-distilled water and milli-Q water until the pH suspension achieved the initial pH. Finally, the quartz and apatite samples dried at room temperature and were stored in a desiccator.
Microorganisms, media and growth
The Rhodococcus opacus strain (CBMAI 812) was supplied by The Chemical, Biological and Agricultural Pluridisciplinary Research Center (CPQBA) and was developed in a YMG solid medium containing the following: 10.0 g L agar-agar. Stocks of the bacteria were prepared frequently using this medium in Petri plates and they were stored in a freezer at 12 °C. Then, the cells were sub-cultured in an YMG liquid medium containing 10.0 g L -1 glucose, 5.0 g L -1 peptone, 3.0 g L -1 malt extract and 3.0 g L -1 yeast extract at pH 7.2. They were placed in a rotary shaker at 140 rpm and 28 °C for 48 h. Afterwards, the bacterial cells were separated from the culture by centrifuging at 3500 rpm for 8 min, followed by re-suspending twice with deionized water. Then, the cells were re-suspended in a 10 -3 M NaCl solution. Finally, the bacterial concentrate was inactivated in an autoclave for 20 minutes to avoid further development of the bacteria. The bacterial concentration of the suspension was measured using a spectrophotometer (UV-1800, Shimatzu UV-spectrophotometer) at a wavelength of 620 nm.
Cellular adaptation
The adaptation of R. opacus was performed via repeated sub-culturing, in which 10 mL of the strain was inoculated into 190 mL of YMG liquid medium. This was in the presence of incremental increases in the mineral content (quartz or apatite), which was prepared in a 250-mL Erlenmeyer flask and incubated at 28 °C on a rotary shaker at 140 rpm. Initially, the subculturing started with only 1% pulp density; then, the pulp density was successfully increased during subsequent sub-culturing until achieving 5 wt. % of the mineral. The cellular adaptation was considered achieved when the growth curve of the adapted strain was identical to that of the control (grown curve of the unadapted bacteria). This adaptation procedure was performed in the presence of quartz and apatite separately. After this cellular adaptation, the adapted-cells were washed and concentrated as described in section 2.2.
Composition of bacterial cell wall
The bacterial cell wall components were extracted using the Cammarota method. The components associated with the cell wall were extracted with 0.01 M phosphate buffer solution at pH 7. A mixture of 50% bacterial suspension and 50% EDTA 2% was prepared. This solution was refrigerated for 4 h at 4°C; then it was centrifuged and the supernatant was collected. This extraction method was applied in a previous work (Botero et al., 2008) ; however, the complete method was described by Cammarota (1998) . The cell wall-associated polysaccharides were measured using the Antrona method (Yemn and Willis, 1954) , and the cell wallassociated proteins were measured using the Biureto method (Stickland, 1951) .
Zeta potential studies
The Zeta potential measurements for the R. opacus cells were conducted in a micro-electrophoresis apparatus, "Zetasizer Nano" -Malvern. The concentration of the biomass suspension was 50 mg L -1 , and a NaCl 10 -3 M solution was used as an indifferent electrolyte. The pH was adjusted using the HCl and NaOH solutions.
The evaluation of the zeta potential profiles for the R. opacus cells was conducted before and after cellular adaptation to the mineral substrate.
Fourier Transform Infrared Spectroscopy (FTIR)
Infrared absorption spectra were recorded on a FTIR Thermo-Nicolet 6700 spectrophotometer. The data acquisition was conducted in transmission mode. The spectra of the R. opacus bacteria before and after cellular adaptation were evaluated. The cell suspension samples were washed and lyophilized. Then, the lyophilized sample was properly mixed with spectroscopic grade KBr (1:100) and pressed into pellets to record the spectra, which was collected after 120 scans at 4 cm -1 in the frequency range of 4000 cm -1 -400 cm -1 .
Surface tension measurements
The surface tension measurements of the bacterial suspension were performed using the ring method in a Kruss K10 digital tensiometer with an accuracy of ± 0.1 mN m -1 . The surface tension measurements were conducted during the bacterial development and at different times and as a function of the pH suspension. All of the measurements were repeated five times, and their average values were plotted.
Microflotation experiments
The flotability of the minerals was evaluated in a modified Hallimond tube (Merma, 2012) . Approximately 1.0 g of mineral was added to a 0.16 L total volume suspension of known bacterial concentration. The mineral was conditioned with the bacterial suspension at a desired pH value inside the Hallimond tube under constant stirring for 5 minutes. Finally, the microflotation tests were conducted using air at a flow rate of 15 ml min -1 for 2 min. The settled and floated fractions were carefully separated, washed, dried and weighed. The flotability was then calculated as the ratio of floated and non-floated mineral amounts to the total weighed sample.
Results and discussion
The microorganism culture conditions can affect the morphology, structure and composition of the bacterial cell wall and of metabolic products and therefore affect their surface characteristic (Natarajan, 2006; Natarajan and Deo, 2001; Amézcua-Vega et al., 2007) as electrophoretic behavior, hydrophobic properties and, consequently, their response to mineral flotation. The cell shape is generally characteristic of each bacterial strain, but this can vary depending on the growth conditions. In previous studies (Mesquita et al., 2003; Merma et al., 2013) , it was observed that the R. opacus cells had a "coccus" shape at the lag phase and at the beginning of the exponential phase; however, in the stationary phase, the cells presented a bacillus-shape. Although, the modification of the morphology of the cells occurs along the culture, it was observed that their hydrophobicity did not present any significant change, preserving a contact angle value of approximately 75°. This result could be an indication that the culture time does not affect the composition of the bacterial cell wall, even when their morphology is affected.
Zeta potential studies
Any changes in the cell surface charge may be related to modifications in the bacterial cell wall functional groups. Fig. 1(a) shows the zeta potential of the microorganism at different pH values. Initially, we observed an isoelectric point (IEP) of approximately 2.8, as found in previous works (Botero et al., 2007 (Botero et al., , 2008 Mesquita et al., 2003; Merma et al., 2013) . According to several authors (Rao and Subramanian, 2007; Natarajan, 2006; Vilinska and Rao., 2008; Faharat et al., 2008; Van Der Wal et al., 1997) , this acidic value is related to the higher presence of anionic functional groups compared with cationic groups. We also observed a singular effect: above pH 9, the zeta potential values of the cells systematically shifts to more positive values (as the pH shifts to more basic values). This particularity is attributed to an increase in ionic strength due to the addition of NaOH, which was done to raise the pH above 9. That would cause a compression of the electrical double layer, and thus, a reduction of the absolute value of the zeta potential (Mozes et al., 1998) . Surface tension measurements that are associated with the bacterial growth curve can help elucidate any production of biosurfactants (Didyk and Sadowski, 2013) and/or metabolites or even any modification of the bacterial surface. Initially, a reduction in the surface tension is related to an increase in the bacterial concentration. When the stationary phase of growth is achieved, the surface tension values should remain constant, and any reduction in the tension values may be related to metabolic production, as described by Didyk and Sadowski (2013) . These results are observed in A continuous reduction in the surface tension values of the culture broth after the stationary phase is achieved, may be considered an indicator of the production of metabolites that are able to reduce the surface tension, such as biosurfactants (Didyk and Sadowski, 2013) . It is also observed that the surface tension of the free-cells suspensions presented a constant value (approximately 57 mN/m) as a function of time, suggesting that a longer culture time did not cause any modification on the bacterial surface, and if metabolites were produced, they probably were expelled to the medium.
Furthermore, a comparative analysis of the surface tension of the free-cell suspensions before and after cellular adaptation could reveal if "cellular adaptation" promoted any modification on the bacterial cell wall. The surface tension profile of the bacterial cells as a function of pH is shown in Fig. 2b . The surface tension 
Surface tension of R. opacus suspensions
As mentioned before, the microorganism culture conditions affect their surface properties, and according to Natarajan (2006) the cellular adaptation may affect the surface properties of the bacterial cells, due to a modification in the balance of anionic and cationic groups present in the cell wall components or in their metabolic products. In this work, no significant change in the bacterial IEP after cellular adaptation was observed (Fig.1a) . However, a small change in the zeta potential profile of the cells was observed; both mineral-adapted cells presented less negative zeta potential values. These modifications may be attributed to a reduction of anionic groups or to an increment of cationic groups, which could be a consequence of a lower polysaccharides production or a higher proteins production, during cellular adaptation.
Additionally, the zeta potential profile of the bacteria as a function of culture time is shown in Fig. 1 (b) . We observed that the net charge exhibited a small decrease from approximately -20 mV to -27 mV during the first 40 h. of culture, which corresponds to the beginning of the exponential phase of growth (See Fig. 2a) , and then the bacterial net charge remained practically unchanged. These results support the idea that the culture time may affect the morphology of the cells, but may not affect the surface properties of the cells under the conditions used in this work (see section 2.2). After the cellular adaptation, a change in the FTIR spectra of the bacterial cells was observed, which may imply that there was a modification in the bacterial cell wall functional groups. The spectrum of the apatite-adapted bacterium is shown in Fig. 3a . Slightly more intense bands are observed at 1455 cm -1 and at 1745 cm , which also moved to
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Fourier Transform Infrared Spectroscopy (FTIR)
T h e F T I R s p e c t r a o f t h e R. opacus cells exhibited many bands between 400 and 4000 cm -1 . The principal bands and their respective functional groups are presented in Table 1 . The intensities of the higher bands correspond to the principal components of the bacterial wall cell, such as the proteins, fatty acids and polysaccharides. Thus, the cell surface is partially hydrophobic and partially hydrophilic. This is a general representative FTIR spectrum of the bacteria (Schmitt and Fleming, 1998; Deo and Natarajan., 1988) .
of the unadapted bacterial cells decreased significantly below pH 7. The lowest value occurred at approximately the IEP of the microorganism (around pH 3)., where, according to Lambert et al. (2003) , the best condition to form foam using bacteria is at its IEP value, which is also important in flotation. However, above pH 7, higher surface tension values were observed, which are not beneficial for flotation.
Thus, from the results, a similar behavior could be observed for both mineral-adapted cells; an increase in the surface tension values in the acidic region and a decrease in the alkaline region. The quartz-adapted cells presented surface tension values between 58 and 60 mN/m for the pH scale studied, whereas the apatite-adapted cells presented lower values at approximately 55 mN/m. The surface tension results demonstrated the ability of the bacteria to form foam, which confirm its biofrother function. The "cellular adaptation" did not affect its biofrother function; however, a higher biofrother ability is expected for apatiteadapted cells. . This indicated a higher content of phospholipids and polysaccharides. Additionally, the glycogen band (1150 cm -1 ) was slightly more intense, and the weak band at 992 cm -1 was no observed after the cellular adaptation. Finally, the bands between 609 and 573 cm -1 are relatively weak in intensity.
Additionally, the spectrum of the quartz-adapted cells is shown in Fig. 3b . A more intense band at 2920 cm -1 was observed, corresponding to CH 2 asymmetric stretching from lipids. Additionally, a higher intensity of the band corresponding to the triglycerides (1745 cm -1 ) was observed. However, the bands corresponding to amide I (proteins) and carboxylate ions (1658 cm -1 , 1633 cm -1 and 1400 cm -1 ) were significantly reduced in intensity. Again, a higher intensity spectrum after cellular adaptation was observed for the bands between 1150 and 990 cm ) increased in intensity. Finally, slightly higher intensities of several bands between 800 and 700 cm -1 were observed due to amide IV and C=O bending in proteins (Schmitt and Fleming., 1998) .
The literature review showed that there is a lack in the characterization of mineral-adapted cells; however, Sharma et al. (2001) studied the characterization of P. polymyxa before and after adaptation to sulfide minerals. According to the authors, the adaptation process caused a higher secretion of metabolites (proteins and polysaccharides), but the galena-adapted cells produced the highest amount of secretions. The FTIR spectra of the bacteria after adaptation presented some changes, and in general, higher bands were present for 3053 (amide B vibrations) 2958, and 2922 cm -1 (characteristic of hydrocarbon chains). Therefore, in our study, the cellular adaptation promoted a higher content of fatty acids, proteins, phospholipids and polysaccharides in the structure of the mineral-adapted bacteria, whereas a lower content of proteins was observed in the quartz-adapted bacteria. This higher production of biopolymers is also shown in Table 2 , and this is in accordance with related works (Botero et al., 2008; Natarajan, 2006; Sharma et al., 2001) . Consequently, the presence of these components in the mineral-adapted bacteria will promote a higher hydrophobic and partially hydrophilic character. 
Microflotation experiments
The flotability of apatite and quartz (highly hydrophilic minerals) as a function of pH value, using the bacterial cells and mineral-adapted cells, are presented in Fig. 4a and 4b , respectively. Before cellular adaptation, we observed that the highest flotability of both minerals was attained at pH 5. We achieved values of approximately 45% and 14% for apatite and quartz, respectively, after 2 min of flotation. Additionally, we observed that apatite can be floated at a pH range between 3 and 7. However, the flotability of quartz was insignificant for other values of pH. The use of the apatite-adapted cells during the bioflotation of apatite promoted a higher flotability in the pH range between 3 and 9 ( Fig. 4.a) . Nevertheless, a significant increment was only observed at pH 3, where the flotability increases from approximately 10% to 55%. However, when the quartz-adapted cells were used, the flotability of apatite only improved at pH 3 to a value of 45%. A similar behavior was observed during the bioflotation of quartz (See Fig. 4b ) in which a higher flotability of quartz was observed when the quartz-adapted cells were used. This is in accordance with flotation studies using mineral-adapted bacteria (Natarajan, 2006) in which the flotability of quartz was enhanced after cellular adaptation. The improvement presented in quartz flotability was not as significant as in the bioflotation of apatite. Additionally, the flotability of quartz was not affected when the apatite-adapted bacterium was used. This conclusion demonstrates the generation of a mineral-specific bioreagent, which can increase the selectivity of the flotation process (Natarajan, 2006) . Lastly, it is possible to identify a selectivity window to separate apatite from quartz in the pH 3, by using the apatite-adapted bacteria as collector. Finally, the flotability of either mineral was unaffected when the bacterial cells grown under different culture times were used. As example the flotability of apatite and quartz was around 46% and 12%, respectively, when the culture time of the bacteria was 96 h. Thus, if the metabolic products were excreted to the medium and the flotability of the minerals was not affected, the wall cell of the bacteria was not affected by the longer culture times.
Our results may suggest that higher culture times did not affect the cell wall of the bacteria; however, a higher metabolic production into the suspension was detected, as supported by the zeta potential, surface tension and microflotation results. This effect was also confirmed by Didyk and Sadoswski (2013) for the culture of Bacillus circulans and Streptomyces sp. However, the results also showed that the cellular adaptation caused a modification in the bacterial cell wall. A more detailed explanation of these behaviors can be found in other works (Natarajan, 2006; Sarvamangala and Natarajan, 2011; Sarvamangala et al., 2012 Sarvamangala et al., , 2013 in which the authors confirmed that the presence of different minerals during the growth of various microbial promotes the generation of different metabolic products (mainly proteins and polysaccharides), or changes their production rate. The authors also confirmed that the predominant adsorption of polysaccharides will render a mineral surface more hydrophilic. In regards to proteins, it will enhance their hydrophobicity. This result can help explain the results presented in this work. The cellular adaptation may stimulate a higher production of proteins on the bacterial cell wall, which will adsorb on the mineral surface, rendering it more hydrophobic. Furthermore, this effect was more relevant during the cellular adaptation to apatite, and the proteins produced may have a higher selectivity for the apatite surface, which will explain the microflotation results.
Conclusions
The zeta potential evaluation of the R. opacus before and after adaptation to the presence of a mineral substrate showed that the bacterial cells modified its zeta potential profiles; however, no significant change was observed with higher culture times. Additionally, the surface tension measurements associated with the bacterial growth curve showed that higher culture times caused a higher production of metabolites, whereas the cellular adaptation may promote a modification in the bacterial cell surface. Additionally, the FTIR results showed that the cellular adaptation caused a modification in the bacterial spectra. The adaptation to apatite promoted a slight increase in the fatty acids, proteins, phospholipids and polysaccharides. Meanwhile, the adaptation to quartz had a slightly similar effect; however, a lower content of proteins was observed. Finally, the use of mineral-adapted bacteria as biocollectors produced an increase in the flotability of both minerals. The flotability of apatite achieved values of approximately 55% and 45% for a pH of 3 and 5, respectively, when apatite-adapted bacterium was used, whereas the flotability of quartz attained an improvement only at pH 3 when the quartz-adapted bacterium was used. However, we did not observe any change in the flotability of both minerals when the microorganism that was developed under a higher culture time was used. Thus, this suggests that the flotability of both minerals can be enhanced if the microorganism is developed in a culture medium that contains the same mineral as the substrate. Moreover, it is possible to increase the ability of the R. opacus bacteria to act as a biocollector of apatite due to the cellular adaptation process.
